The 6-strut tensegrity robot(TR-6) consists of 6 discrete rigid struts and 24 continuously elastic cables. The TR-6 can roll, crawl or even jump by self-deformations. As the self-weight impacts the stability and deformability of the TR-6, light-weight mechanism design is required, and most of the existing TR-6 are driven by Pneumatic Muscle Actuators. However, the external air supply and the tubes limit the mobility. Electric prototypes solve the problem above, yet they have to sacrifices the controllability by reducing the number of actuators to lower the self-weight.
Introduction
Tensegrity robots are proposed as novel deformable mobile robots, and they are designed based on the conception of tensegrity structures. The word Tensegrity [1] , a combination of Tensile and Integrity, was coined by Fuller in the 1940s. A definition of tensegrity is proposed by Pugh [2] : " A tensegrity system is established when a set of discontinuous compression components interacts with a set of continuous tensile components to define a stable volume in space."
Soft mobile robots [3, 4] are mostly made of soft materials that limit the size and speed. By introducing the dis-IT RT Figure 1 . A 6-strut tensegrity structure model. crete rigid struts into the soft cables, the tensegrity robots not only break the size and speed limitations, but also retain flexibility. The rigid struts increase the size and speed of the robot, and the elastic cables guarantee the shock resistance capacity. The 6-strut tensegrity robot (TR-6) is designed on a kind of 6-strut tensegrity structure consists of 6 rigid struts and 24 elastic cables as shown in Figure 1 . The structure is highly symmetrical, and the shell is composed of 8 identical regular triangles (RT) and 12 identical isosceles triangles (IT). Hence, the stable states of the TR-6 are divided into two types: the RT states and the IT states. The rolling motion is a series of transformations between those states. The 6-strut tensegrity structure is plane symmetrical in IT states and axial symmetrical in RT states. The highly symmetrical character lowers the difficulty for controlling the motion of tensegrity robots, as the control strategy of those two states can be mapping to any other state.
The TR-6 can roll from one stable state to its adjacent stable state by self-deformation. By shrinking its cables, the mass center can be changed as a result of deformation, and when the mass center is located outside the base triangle, the robot will roll. The relation between the cable actuators and rolling directions has been discussed in our previous works [5] .
The deformability is an important characteristic for the TR-6, and the self-weight impacts the deformability. Firstly, with the increase of self-weight, the robot's base area is growing and the position of mass center is lowering, namely, the robot becomes more stable and much harder to roll. Secondly, with the increase of self-weight (mostly the weight of the struts), the shape of robot can remain unchanged if we increase the elastic coefficient of the cables, meanwhile, the robot's stiffness is increased. Namely, greater actuator force is required for heavier robot to reach the same deformation. Considering the two factors above, lightweight mechanism design is required.
The existing TR-6 can be divided by power source: the pneumatic type [6, 7, 8] and the electric type [9, 10] . The former type lower its weight by using external air source, filters, valves and tubes, however, those external components limit the range of motion and the tubes disturb the rolling. The latter type can solve the two problems above by using internal batteries and wireless communication, yet the weight of the latter type is much bigger than the former type. The existing electric types: ReCTeR and SUPERBall lower their weight by simply reduce the number of actuators. The number of actuators in pneumatic prototype is 24, and those two electric types shown in Figure 2 have 6 and 12 actuators, respectively. Namely, they sacrifice the controllability to lower the weight.
In this paper, an new electric prototype of TR-6 is designed that both lightweight and all 24 actuators are controllable. The following problems are solved in this paper. Firstly,as the internal batteries and motors increase the self-weight and require greater driving torque, servo motors are used to replace the DC motors for higher torqueweight ratio. Secondly, wireless modules are mounted on the struts to communicate between the discrete electric devices. Thirdly, the ratio of the flexible and non-flexible parts of the cables and the ratio of the material coefficient of the cables and the struts are taken into consideration to guarantee both the deformability and stability.
The paper is organized as follows: In section 2, the mechanism of the robot is introduced in details. Section 3 introduces the rolling control strategy and the electric control system. Experiments are taken on the prototype in section 4. At last, future works are listed in section 5. 
Mechanism
The TR-6 shrinks its cables to cause self deformation and results to rolling motion. In electric mechanism, the power supply, control and communication units and actuators are all inside the prototype. Those components increase the weight of the robot, and if the elastic coefficient of the cables doesn't change, the robot's shape will becomes flat, namely, the base area becomes bigger and the mass center becomes lower that make the robot difficult to roll. Therefore, we have to increase the elastic coefficient of the cables to keep the shape of TR-6, yet the driving forces to cause the same deformation grows. Hence, lightweight mechanical structure and high torque-weight servo motor are required.
Design of the Struts
An electric prototype that possess 24 actuators is designed in this paper, as shown in Figure 3 . The six struts are the main components of the TR-6, and they are made of aluminum for lightweight design. Each of the strut is composed of a 380mm hollow tube in the middle (the radius and the thickness of the tube is 30mm and 2.5mm, respectively) and a cuboid module on both ends (the size of the cuboid is 80×80×130mm and the thickness is 2mm). A 12V-2.2Ah battery is mounted inside the middle of each tube. Two servo motors, a wireless module, a PCB control board and necessary components are mounted inside each cuboid module.
The type of the servo motor is GWS S125-12T-D, and its power-to-weight ratio is nearly 63W/kg that is much more bigger than the DC motor used on ReCTeR(25W/kg) [9] , and almost the same with the DC motor used on SUPERBall(60W/kg) [9] . Although the final power-to-weight ratio of SUPERBall's motor is bigger than 100W/kg, the weight of SUPERBall (20kg) is much bigger than our prototype. The total weight of our prototype is 7.2kg (with the batteries). The cuboid module is shown in Figure 4 . The components inside the module are listed from bottom to top: 1. Flange to combine the cuboid module with the tube. 2. Two holders to fix two servo motors (not shown in the figure). 3. Two wheels, each to fix an end of a cable. The diameter of the wheels is 1cm. The servo motor can drive the wheel to run12 rounds at most in one direction, and the initial state of the motor is set as the position that the wheel can be driven to run 6 rounds at most in both clockwise and anticlockwise directions. Hence, the maximum shrink length of a cable is 37.68cm. 4. Rods to fix an end of a cable. 5. Three fixed pulleys to guide the line of the cable.
Design of the Cables
The following two points should be taken into consideration in the design of the cables. Firstly, the weight of the TR-6 are mainly determined by the weight of the six struts, and with the growing of weight, the base of the tensegrity will become bigger and the position of mass center will become lower, namely, the shape will be more stable and more difficult to roll. Hence, the elastic coefficient of the cable should be increased to keep the shape of tensegrity. Secondly, the cables are composed of elastic part and nonelastic part. The elastic parts interact with the rigid struts to form a tensegrity, and the nonelastic parts rotating on the motors' wheels to change the total length of the cables. The ratio of the elastic part and the total length should no bigger than a quarter by experience.
The cables of the TR-6 are designed as shown in Figure 5 . Each cable consists of four parts: the fixed part, a spring ( the length is 5cm, the diameter is 1cm and the elastic coefficient is 1.46×10 3 N/m), a travelling block to double the output force of the servo motor, and nonelastic string for changing the total length of the cable. The variable range of the cable's length is 16.5cm to 36.5cm.
There are 24 cables in TR-6, and they are mounted by the following the rules. Each cable has two ends: the fixed end fixed on a rod and the variable end fixed on a servo motor's wheel. Each cuboid module is connected with 4 ends of 4 different cables. Two of them are the variable ends, and the corresponding two fixed ends are fixed on the two ends of a strut. The other two ends are fixed ends, and the corresponding two variable ends are fixed on the servo motors of two parallel struts. The arrangement of the cables are designed based on the control strategy of rolling motion that will be discussed in section 3.
Motion Control System

Control Strategy
The convex hull of the 6-strut tensegrity structure is an icosahedron that consists of 8 regular triangles and 12 isosceles triangles, and the expanded view is shown in Figure 6 . As there is only one triangle touch the ground in any stable state without deformation, the rolling motion of TR-6 can be described as transitions between the 20 triangles. The stable states are described by the number of the vertexes of the base triangle. Considering the highly symmetrical characteristic, the control strategy of IT state {1,3,7} and RT state {1,7,9} can be easily mapping to the rest stable states. The principle of rolling is changing the projection of mass center outside the base triangle through selfdeformation. As shown in Figure 7 , in any stable state, the projection of the mass center will always located inside the base triangle (the blue area); when the projection locates outside the base area by self-deformation, the robot will roll to another stable state.
Depending on the direction control strategy we proposed in our previous researches [11] , one cable can make the TR-6 roll from IT to RT state, but at least two cables are needed to make it roll from RT to IT state. Furthermore, the two cables are always start from an end of a strut and ended on the two ends of another strut, respectively. The driven cables and the corresponding rolling directions for initial Figure 7 . The rolling principle of tensegrity robots. Table 1 . There are four cable's ends fixed on each cuboid module, and depending on Table 1 , the two cables that make the robot roll is the two that connect this module to another strut's both ends respectively. For example, the cuboid module 1 has 4 cables: {1,7},{1,8},{1,9},{1,11}, and cable {1,7} and {1,8} that make the robot roll from IT state {1,3,7} to RT state {1,7,9} are connected to module 7 and 8, both ends of the strut {7,8}. The two cables that corresponding to the law mentioned above are fixed on the wheels of servo motors. In that case, the communication between cuboid modules is simpler, as the two cables needed for one step rolling are inside the same cuboid module.
Electric Control System
The electric components distribute on the 12 separate cuboid modules, wireless communication is applied on each module. The cables are divided into 12 groups following the rules mentioned in the design of cables to make sure that each group can make the TR-6 roll successfully, and each cuboid module has 2 servo motors to drive a group of cables. The 12 groups of the cables are listed in Table 2 . 
Experiments
The rolling motion from IT state to RT state is realized on the prototype, and the procedure of the motion is shown in Figure 9 . In this experiment, two servo motors' wheels are turning 6 rounds, namely, the lengthes of the corresponding cables are reduced by nearly 19cm. In the initial state, the base of the robot is an isosceles triangle, and the shape of robot is changed after two cables are driven by the servo motors, then the robot roll to the adjacent stable state with a regular triangle base.
The experiment is taken on the prototype without travelling blocks, and the pre-tension forces of the cables to keep the shape of the tensegrity structure are almost the same with the maximum output force of the servo motors, hence, the contraction of the cables are very difficult. Therefore, we added the travelling blocks to reduce the pretension force by half.
As the RT state is more stable than the IT state, larger deformation is needed to make the robot roll from RT to IT state. However, when the robot is rolling from RT to IT state, the cuboid module disturbs the deformation because Figure 9 . The rolling motion from IT to RT. its size is too big. In our next generation of TR-6, the position of servo motors will be changed to shrink the size of the cuboid module.
Conclusions and Future Works
This paper designed a new electric prototype for TR-6 that all the 24 cables can be driven. High torque-weight ratio servo motors are used to lower the weight and keep the shape of the tensegrity to make the TR-6 roll easily. As the struts of tensegrity are independent from each other, the wireless communication is used to transmit the control signals between different cuboid modules. In the design of cables, the ratio of the elastic and nonelastic part are considered to guarantee both the elastic force to keep the shape of tensegrity and the cable length's variation range for rolling motion. In addition, the elastic coefficient of the elastic part is also tested to keep the shape for avoiding a flat tensegrity which is stable and difficult to roll.
The rolling motion from IT to RT state is realized on this prototype, however, the size of the cuboid modules is a little big and disturbs the rolling motion from RT to IT state. Hence, in our future researches, the size will be smaller by changing the distribution of the servo motors. This prototype is an open-loop control system, and distance sensors will be added to obtain the local orientation of the TR-6 for closed-loop control.
